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FOREWORD

The work discussed in this report was performed by the
Westinghouse Electric Corporation, Rerospace Electrical Division,
Lima, Ohio under United States Air Force Contract AF33(615) 2326
from January 1965 to July 1566. This contract was administrated
by the Air Force Aero Propulsion Laboratory, Research and Tech-
nology Division, Air Forxce System Command, Wright-Patterson Air
Force Base, Ohio with Mr. C. H. Armbruster acting as Project
Engineer.

This werk represents a continuation of work performed on
Contracts AF33(657)10922 and AF33(615)1551 from January 1964
to January 1965,

This report is assigned supplementary report number WAED
66.55E by Westinghouse

This report was submitted by the authors for review in
December, 1966,

Publication of this report Goes not constitute Air Force
approval of the report's findings or conclusions. It is pub-
lished only for the exchange and stimulation of ideas.

Glenn M. Kevern
Chief, Erergy Conversion Branch
Aerospace Power Divisior
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ABSTRACT

The pole face losses associated with the alternating flux
density that is produced by the slot and teeth in the armature
for the 467 kva exparimental generator were experimentally
evaluated by using an addy-current dynamometer. The design
factors which influence pole face losses in the generator were
duplicated in the test fixture as close as possible. Centrif-
ugal stress in the rotor limited the tooth ripple frequency
to one-~half the tocth ripple frequency of the generator and
it was necessary tc extrapolate the datz from 24,000 cps to
48,000 cps tc determine the pole face losses at these conditionms.
1 Mo attempt was made to control the tempasrature of the pole faces.
Therefors, the iest results had to be corrected for a change of
, resistivity since the pole faces will operate at 2 much higher
temperature in the generator.

A cocmplete analysis of the pole face loss problem based

A upon theoretical considerations is presented in the report.

The problem of dealing quantitatively with the magnetic flux
density distribution at the surface of the poles is treated
analytically. BHarmcnic frequencies and the losses due to

each harmonic frequency were considered. The effect of grocoves
in the pole faces were aiso considered in the theoretical
analysis. The theoretical egquations show that the eddy-current
losses are a function of permeability of the pole face material.
In the actual problem this quantity is a variable and a method
for determining the applicable value of this variable is pre-
sented.

The general conclusions derived from this work are: (1)
materials which offer the best combination cf d-c magnetic and
strength properties for a high speed, high temperature, solid
rotor have inferior properties from the standpoint of pole
face losses and (2) a 16-fcld decrease of eddy-current losses
can be obtained by using a laminated material for the pole
tips which has been chosen for its high a~c magnetic permeability
when compared with the losses associated with material that has
been selected for its creep strength or other critszria except
its a-c magnetic permeability.

(This abstract is subject to special export controls and
each transmittal to foreign governments or foreign naticnais
may be made only with prior approval of the Air Force Aero
Propulsior Laboratory, APIP-1.)
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SECTION I

INTRCDUCTION

Accurate evaluation of the pcwer losses in the rotor pole
faces is required to determine the thermal state cof a rotor.
The mechanical integrity of the rotating mass depends upon
these losses since the allowable stresses depends upon the
thermal state of the rotor. Losses which produce heat energy
in the pole faces are caused by two sources of flux osciila-~
tions. The first is due to the fact that as the pole face
passes under a slotted armature all points on the pole £zace
experience a varying flux density. At one instant a point
on the pole face is under a tooth where the radial component
of the flux density is a maximum and at the next instant it
is under a slot where the radial component of the flux density
is a minumum. The varying flux density in the radial direction
within the poles is associated with a varying fiux in the
tangential direction since all flux lines must form a closed
loop. The varying flux density produces an emf which gives
rise to eddy-currentc that produce losses in the pole. The
varying flux also produces minor hysteresis loops which cause
additional losses. The losses produced by the slots and teeth
irn the armature are generally called "tooth ripple losses".
These losses exist whenever the machine is magnetized.

A second source of losses in the poles is produced by the
varying flux that is generated by harmonic mmf's associated
with the armature windings. These losses exist only when current
is flowing in the windings.

Many investigators have published equations for evaluating
the power losses due to eddy-currents and, for the most part,
they have been collated in a paper by Aston &nd Rao (reference
1). Equations for the evaluation of the losses associated with
the varying flux produced by the armature windings are presented
in Reference 2. Most investigators have used semi-empirical
or purely empirical means based upon the results of several
experiments to establish their formulas. Other investigators
have based their equations upon theoretical considerations
by admission of certain approximations. In general, the theore-
tical treatments assume that only eddy-current loss has impor-
tance and is always predominant over hysteretic loss. Admission
of approximations are necessary to deal with the permeability
of the material, which is a variable quantity and is always
treated as a constant.. Admission of certain approximations
are also necessary to obtain numerical results for the distri-
bution of flux density on the surface of the pole faces.
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The value of the parameters which influence pole face
losses for the 467 kva experimental generator is far above
the range previously investigated. Hence, empirical equations
which contain numerical constants that are based upon experi-
mental results from average designs are apt to give erroneous
results for the novel 467 kva generator. Hence, equations
which are based vvHon theoretical considerations are preferred,
since this method can be employed for a wider range of values
of the variabies. One of the important variables which has a
significant influence upon eddy-current losses is the resis-
tivity of material in the poles. The pole fa.es in the experi-
mental generator will operate at approximately 10CG0O°F and the
material in the poles will have a higher resistivity than the
average design. Taerefore, experimental results obtained with
average designs can not be used to predict the eddy-current
losses in a high temperature gen=rator unless the formulas
correctly describe the influence cf resistivity. The experi-
mental generator tocoth ripple frequeney will be 48,000 cps,
which is approximately eight times greater than the frequency
previously investigated. Thus, formulas based upon experi-
mental results from low frequency tests must correctly describe
the influence of frequency before thev can be used to predict
the losses for the experimental generator.

Several of the available equations were used to evaluate
the tooth ripple losses for the generator and the results were
presented in Reference 3. A wide disagreement was found to
exist.

In general, pole face losses are of minor importance in
slow-speed machines and an order of magnitude differxrence be-
tween the calculated and actual values may be >f little signifi-
cance with regard to machine performance. For the high speed
experimental genexator, where the rotor material is being used
near its maximum stress and temperature capabilities, an error
of less than 50 percent could resuit in a complete failure of
the machire. For this reason and since the accuracy of avail~
able equations is questionable, it was deemed necessary to
perform experiments to determine the tooth ripple iczses with
material and design factors as close as possible to those
contemplated for the generator. The design of a pole face
loss test fixture was initiated in 1963. The fixture was built
and tests were accomplished during 1964 and reported in Refer-
ence 3. In general, the results from these tests were incon-
clusive with regard to pole face losses. The test fixture and
instrumentation was modified to reduce the experimental exror
and the program was continued. In addition, a complete theore-
tical w=nalysis of the problem was performed. The results from
this analysis and the experimental effort are presented in
in this report.
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SECTION II

TEST FIXTURE

The distinguishing features of the test fixture employed
for this investigation are illustrated by Figure 1. 1In effect,
the fixture was an eddy-current dynamometer or a magnetic
brake in which a toothed roior was rotatad between two poles
of an electromagnet. Torque reaction on the trunanion mounted
stator was measuxed on a scale to cobtain the electrical and
windage losses in the machinery. The air gap was controlled
by adjusting the radial position of the poles.

The tooth pitch and slot configuration in the rotor dupli-
cated the tooth pitch and slot coanfiguration of the armature
for the 467 kva experimental generator shown in Figure 2.
Centrifugal stress limited the speed of the 120-tooth rotor
to 12,000 rpm. Thus, the maximum tooth ripple frequency that
could be attained was 24,000 cps or one~half the tooth ripple
frequency of the generator.

The pole specimens used in the fixture are shown in Figures
3a and 3b. The specimens were made of BH-11l steel and were heat
treated@ to hardness specified for the full scale rotor. The
grooves in the pole faces duplicated the grooves used in the
xrotor pole faces except for width; they were approximately
0.010 inches wide at the surface of the pole or approximately
0.005 inches wider than desired.

It would have been highly desirable to construct a test
fixture in which no losses except the tooth ripple losses
could have existed. In general, this is not capable of being
realized. Designers of a pole face loss test fixture must cope
with the problem of separating the pole face losses from the
other losses in the machine. Ingenious methods are always
required. The losses in the test fixture shown in Figure 1
which caused a torgue reaction on the scale were: (1)} the
loss associated with the aerodynamic drag on the stator,

(2) rotor iron losses, (3) magnetic circuit pulsation loss,
and {4) pole face losses. The reaction in the bearings which
support the high spzed rotor and the aerodynamic reacticn on
the rotor were not imposed upon the trunnion mounted stator.
The initial tests performed in 1964 (reference 3) showed that
the aercdynamic reaction on the stator was approximately ten
times greater than the reaction due to electrical losses in
the machine at operating conditions pertinent to the generator.
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Figure 2. Slot Configuration in Experimental Generator
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Stationary shrouds were installed orn the windwarxd side of the
poles to decrease the aerodynamic reaction on the stator after
the initial tests were performed. With this modification the
windage reaction was decreased to approximately two times the
reaction due to electrical losses at conditions relevant to the
actual generator. The windage reaction was measured by noting
the scale reading with the fixture demagnetized for each test
speed and air gap. This value was then subtracted from the
readings taken with the fixture magnetized The net reaction
represented the electrical losses in the magnetic circuit.
Magnetic circuit pulsation losses could not be separated from
the other losses. Pulsation losses are caused by a variation
of air gap reluctance and are theoretically present when the
pole arc covers a non-integral number of slot pitches and is
most severe when the fractional part of the number is one-~half
for an integral siot winding. Since the test fixture had an
armature with an integral slot winding feature or sixty slot
pitches per pole pitch, the number of slot pitches per pole arc
was made an integral number, or fifteen in order to reduce the
pulsation losses.

To verify that the test fixture design was such that pulsa-
tion losses were negligible, a forty turn coil was wound on the
stator frame so that any flux pulsation in the magnetic circuit
could be measured. This was accomplished by connecting a cali-
brated oscilloscope to the coil and measuring the induced voltages
and frequency. Figure 4 shows the induced coil voltage as taken
from polaroid pictures; curves are presented for several air gaps.

The maximum magnitude of the flux pulsation for the smallest
alr gap was approximately 2 lines per square inch and it is
reasonable to conclude that the loss produced by this magnitude
of pulsation was very minute.

The electrical losses in the fixture were separated into
rotor iron loss and pole face loss by determining the rotor
iron loss for a given rotor speed and frame flux at large air
gaps. Since pole face less is a function of air gap, this
loss decreased when the air gap increased.

Since rntor iron loss is independent of air gap, it was
obtained by plotting the measured electrical losses for constant
values of flux and speed as a function of air gap and extrapola-
ting the curves to infinite air gap where pole face losses
are zero. The rotor iron loss was then subtracted from the
total electrical loss to obtain the polie face loss for a given
frame flux, air gap, and rotor speed.
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SECTION III

TEST RESULTS

The initial test runs had indicated that a considerable
amount of flux was fringing around the pole face flux coils
and that the total flux through the rotor was higher than that
indicated by the pole face coil readings. To verify this,
another set of coils were wound on the stator frame so that
all of the flux entering the rotor could be measured. Figure
5 shows a plot of measured flux as a function of the field coil
excitation current fcr both the pole face and frame fliux coils
for the case of a radial gap of 0.092 inches. These curves
verify the conclusion that the total rotor flux is significantly
1 higher than the flux in the stator pole faces.

p Curves of rotor flux and pole face flux plotted as a
function of field coil current for the four test air gap are
shown in Figures 6 and 7 respectively. These curves are inde-~

. pendent of rotor speed.

cac o ke (S - s IPEPUREUREPINL I, SO i

One of the initial test runs incliuded an

s inch but it was later found when plotting the

insufficient number of data points were taken
values between 0 and 1000 kilclines {only two
included). Because of the steep slope of the
for this small gap length, smaller increments
should have been used to obtain more points.

air gap of 0.054
data that an
for rotor flux
points were

air gap line

of field current
For this reason,

} ; test data for the 0.054 inch air gap was omitted from the
t 2nalysis.

Figures 8, 9, and 10 show plots of measured test fixture
electrical loss (i.e., total measured loss minus windage loss)
plotted as a function of field coil current for the roter speeds
of 4,000 rpm, 8,000 rpm, and 12,000 rpm respectively. The high
speed limit for the test fixture is 12,000 rpm.

From the curves of rotor flux versus field current and
electrical loss versus field current for the various test air
gaps, plots of electrical loss as a function of air gap length
for constant values of rotor £lux were obtained. These curves
are shown in Figures 11, 12, and 13 for rotor speeds of 4,000
rpm, 8,000 rpm, and 12,000 rpm respectively. The rise in
electrical loss with smaller air gaps due to increased pole
face loss, is very evident. The right hand side of the curves,
where the rate of change of loss with air gap is practically
zero, represents the rotor tooth and core loss. The difference

Bmsmsaveoane - .,
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between tha loss values given by the curves at a particular air
gap and the rotor tooth and core loss represents the fixture
pole fazce loss. Pole face loss is a function of fiux in the
pole faces and not the total f£lux in rotox. The flux in the
pola fages for a given value of rotor flux was determined from
the curves of Figures 6 and 7. Pole faze loss, expressed in
units of watws per sguare inch, and plotted as a function of
pole face fiux dSensity and tooth freguency, are shown in Figures
14, 15, and 15. The units of flux demsity, and tooth freguency
ware used since thess units are more descriptive of the factors
involved in the creaticon of pele face luss. A tocth freguency
of 24,00C cps corresponds, in this case, t6 a rotor speed of
12,000 rom.

Effacts of tooth saturation are clearly svident on the test
curves as saown by the decreessing slope of the loss curve for
pols face flux densities above approximately 60 kilolirpes per
sqguare inch. Saturation of the teeth decreases the amplitude
of the flux ripple im the pule surface thersby reducing losses.

The radial cap length for the sxperimental generator is
0.100 inch. Sincs test data was not cobtained for this exact gap
iength, thez Ioss corresponding to a 8.100 inch air gap was
obtained by glstiting the test loss values versus tha air gap
lengths tested as shown in Figure 17. Figure 18 shows a pint
of pole face 1oss ag a funciion of tooth Treqguency. Loss values
derived from the test datz are shown by the ¢ircled points. The
tooth frecuency for the experimental generator is 48,000 cps.

It was thersfore nacessary to extrapolate these data peints to
48,600 ¢ps as indicates in VWigure 18. The sccuravy of the
extrapclated loss is sensitive to 2rrors in the data poinis

that were ohtained from the experimental valuas. Since the
torque on the trunnion mcunted stator due to pole face loss

was small in compariscn with the combined toroue. the accuracy

of torque nmezsurement had a pradominant influence upen acCuracy
of the evperimental dsta. Heaszurement errcy associated with

the torque on the stakor was approximately + one percant. For a
pole face flux of 56.35 kilolines per sguare inch the windage loss
torque was less than or egual to 220 percent of the esiecirical
loss. Thus the maximum error associated with the electrival loss
which was obtainsd by substracting the windage ioss was

error = {1+0.01} {I&9/8) ~ {(1-0.81iB/E -1 = 0.92W/E2+0.02

where W = windage loss, E = electrical icss. For W/E = 2.
error becomes + five perceamt. The erzor assocriated with the pole
face loss, which was obtained by subtracting the electrical loss
for a large air gap. becomes

error = {1+8.93)E/P - (1-0.83}E/F - 1 = Q.1E/P + 0.65
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where P = pole face loss and E = electrical loss for a large air
gap. For an air gap of approximately 9.1 inch the value of E/P
was about two. Therefore, the error associated with the pole
face losses represented by the three points in Figure 18 could
have been + 25 percent. The final experimental peints shown

in Figure I8 are probably more accurate since conformlty of the
experimental values was obtained by plotting various dependent
quantities against the independent variables of the experiment.
In general, this allowad values for the dependent variable to be
obtained from curves which represented the locus of the experi-
mental values and eliminated part of the error caused by measure-
ment accuracy. Unfortunately, the accuracy of the windage torque
data could not be improved since windage torgue measurements
could only be obtained before and after the test fixture was
magnetized for a particular calibration. These readings varied
by + one percent. When the combined torque values were taken
from curves without the normal variation of points, the accuracy
of the combined torque data was improved from + one percent to

+ 0.2 percent. Therefore, the error associated with the electri-
cal loss was reduced from + five percent to + 2.6 percent for
cases with a windage loss less than or equal to 200 percent of
the electrical loss. The error associated with the pole face
loss was therefcre reduced from + 25 percent to + 13 percent

for cases with a small air gap. Nevertheless, the possibility
of a larger error exists fcr the point given for 48,000 cps in
Figure 18 since the loss curve had to be extrapolated from
24,000 to 48,000 cps using three data points which may be in
error by 13 percent. Extrapolaticns on a logarithmic plot were-
made using the three data points given in Figure 18 with + 13
percent variation of the values. A straight line extension
through the maximum point at 24,000 cps and the minimum point

at 8,000 cps and vice versa resulted in a variation of 32 per-
cent at 48,000 cps. It is logical to assume that this variation
represents the possible error for the extrapoiated wvalue at
48,000 cps. The extrapolation gives a pole face loss of 31.7

+ 10 1l watts per square inch for a pole face temperature of 75°F.
A temperature calculation performed for the experimental genera-
tor with an average coolant temperature of 600°F gave a pole face
temperature of about 980°F. The loss decreases with increasing
temperature due to a change in the resistivity of the pole face
material. A correcticn for a change in resistance as outlined
in Section V gives 23.0 + 7.4 watts per square inch for the poie
face loss at 980°F. The pole face area for the experimental
generator is 77.5 square inches and when muitiplied by the

above loss density results in a total loss of 1783 + 590 watts.
This is the loss component induced in the rotor pole faces by
the flux "bundling"” effect of the armature testh.
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SECTION IV

THEORETICAL TREATMENT OF POLE FACE LOSSES

A. Eddy-Curreat Loss

- In practice the characteristic dimensions of the slots as
shown by Figure 19a are small when compared with the dimensions
of the rotor. Therefore, a mathematical treatment of the pro-
blem shall be made using rectangular coordinates as illustrated
in Figure 19b.

The field eguations can be used to analytically describe
the flux, current, and the eddy-current loss in the pole mzter-
ial. Maxwell's equation from Faraday’'s iaw gives:

2B
YXE = =375

and the differential form of Maxwell‘s equation derived from
Ampere‘s law is:

ap
VEH = 47 (T +3%)

Maxwell's magnetic field equation as darived from Gauss's law
gives the differential or point relation:

v-B = 0

Thus far, we have stated three of Haxwell's four equations which
apply at a point in a time-changing field. The fourth is Max-
well's electric field egquation as derived from Gauss's law:

V-D = Charge gansity

Since we are concerned with the eddy-current loss in a conduct-
ing 1medium we shall assume that the medium is free of charge
anéd hLas zero dielectric constant. Thus, the displacement
current:
- db dE

J disp. sgx = ¢35 = 0
With this assumption the field eguations in electromagnetic
units are:

3B
" 33=VXE {1}
Y71 J= v XH (2)
v+B = § (3)
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30




Along with Maxwell's egquations certain other fundamental rela-
tions are required to establish the eddy-current at a point
within the system. They are:

p'JT = E (4)
B = pH (5)
V=0 (6}

With these relations, we can write Maxwell's curl equations in
terms of B and J. Thus,

1 B
- Si3E = K (7)
47ud = VXB (8)
Therefore:
- 4‘"" .3_8. =V
o' Bt XvxB

= V. (7-B)-V2B
Equation (3) shows that v:B = 0; thus,

v 1

p' at

Writing Equation (9) in terms of the three rectangular compon-
ents of B gives:

iv2By + jV2By + kv2Bp = 5%—",- (i*g%‘ + 5 g_ﬁ.z + x 2Bz

at (10)

Equation {10} is the vector sum of these scalar equations.

dence,
328 + 32B + 32B _ 47y 3By (11)
9 X 3y 9 2 p' 3t
328¥ + 3ZB + 32By _ 4my 3By
3 X 3y 3 z¢ T p' 9t (12)
328 32B 32Bz _ 4nyp 9Bz
Tt et 5t = pT 3t (13)

A set of scalar equations for J can alsec be developed by differ-
entiation of Equation (8) with respect to time. Which gives:

d=v 3¢ 3t

and combining Equation (7) with (14) gives:

_tmy a3

- Ve(VeT) - V27
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0 . Therefore

2q . dmu 3J
vVed = 4T 3T (15}

Equation (6) chows that V-J

writing Equation (15) in terms of the three rectangular components
of J gives an equation which is the vector sum of three scalar
equations. Hence,

2g 32g 320y _ Umy 3J

gx?’rayﬁlraz%' :)”" T (18)
32J + 32Jy + azle = Wap 3dy (17)
E"—x¥ 3 y2 3 z° »* 3t

22Jg 3%J 32J5 _ lumyp 3J 18)
) xé ) yg *3 zg - 2? a;z (

a set of scalar equations can be developed from Maxwell's first
curl equation which gives a relationship between the rectangular
components of B and J. Since,

VXE = Vxp 'Jz_%% (19)

we can express J and B in terms of the rectangular components to
give:

- . .8dz 3y
—%'1 ;—E (i“x + jBy + kB,) - 1('3?_ T 8%z )
2 QJX _ 3d 2z 3
J(az 3—5:_)
v . 3%, {20}
X oy

Equation {20) is the vector sum of three scalar equatioms.
Hence,

-1 3Bx. 3z _ Ay (21)
p' ot Ay 3z

_ 1 3By=-3Jx_3Jz (22)
p’ ot 3z ax
1 3Bz _ 3aJy aJx (23)

T ¥ 3t T sx T 3y

In addition we have from Eguation (6}

T = -aJx 3d BJz
VJ-G-ax‘!'-—-‘yay‘l'az (24)

Equations (11) through (13) are differential equations for B
in terms of the independent variables (x, y, 2z, and t) of the
system. A solution for the distribution of current density
must start with a solution of equations (11) through (13)
since we can define the boundary values for the flux. Once
we have developed the flux distribution, we can then develop
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the current distribution by using eguations {16) through {(18j

and eguations {21} through {24}.

The soiuticn for the rectangular compconents of B shall be

based upon the following specific assumptions:

{1) The f£iux does not vary in the z direction and

B = 0 or
B = 32By - 32By . 3By _ 3By .
Z = 3 z< 3 z* 3z 3z

{2} By=By=0aty= o

(3) B

v 2. Bym Cos 2wm (ft + §) at y =0
m=1

With these assumptions Eguations (11} through (13) become

2

2 2 .
g Bz‘ +g Bz‘,__.i&!n'. 3By

X v 1] 3t
3ZBx+ azsy 47y 3By
a3 x~ 3y~ pv 2t

(25)

{(28)

Since we have established the boundary conditions for the By
component we shall find a solution of eguation (25) by the

method of separation of variables.
We shall assume a solution of the form

By = X-Y.T

where X = By (x)

By (y)
By (t)

F.om Equation (25) we obtain

X" + " LY 0
X ¥ -~ T =

a function of x only

Y

a function of y oniy

T

a functicn of t only

n L

Now this ccndition requires that the functionS'ﬁ—,%-, and
must have a constant value since their sum must always be the

same value. Therefore we shall let

X

= _ Y"’ T'-
2, A, 7= a

(27>, (28), (29)
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Equaticns (27), {28), and {29) are ordinary differential eqgua-
tions. In our case the constants, aj, ap, and a3 must equal

”
§— = -aZ = 47?2 m?/22 38}
%.‘_ = ag% inm2nf {31)
%1 = a.z 472m2/32 + i8w2nmuf/p’ (32)

The solutions of these equations for the case where n = 1 are:

X = Ajexp(i2mmx/})+Bjexp(-i2=mx/1)
Y = Cjexp(2rm/oyy/2)+Djexp{-2mm/u]’ y/3)

T = Ejexplim2nft)

where
_ ip2£22?
Wy {1+ > 'm )

The solutions of Equations (27), (28}, and (28) for the case
vhere n = -1 are

X = A jexp{i2mmx/2}j+B_jexp(-i2nmx/1}
Y = C_jexn (21rmv’w__l'y/ Aj+D_jexp(-2wmva_3Y/2}
T = E_jexp{-i2amft)

where
w.y = 1-iu2£22/p' = conjugate of wy = wy
Foxr the case where n = 1, we have

B'ym = [Ajexp(i2mmx/2)+Bjexp(-i2mmx/2}] [Cyexp (2mm/uy v/} +
Dlexp(—Zwm/Efy/u} Ejexp{im2=ft] (33}

and for the case whc-e n = -1, we have

B'yn = [A-jexp(i2zmx/2)+Bjexpfi2amx/2)] [C-1exp (2am/G1y/ 2} +
Djexp(-2muy/5 y/1)] E.jexp{-im2xft) {34)
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We must now examine the complex form of Yuy and /&y,
In order for Bym +0 when y +=, it is necessary that

exp(#/u]y) = expl(-UptiVp)y]l and exp(2Va1y) = expl(-UptiVy)yl
This can be accomplished by selection of the proper root of

Yoy and YGj. If we illustrate wjand wj; and their roots in the
complex plane, we have

+°\Im SR
B Joi 2
- - *f 1.0-}-%—— zf‘,’;
5T /
-V /;I 1 //,//
o § "ER 4
n > +U;, 1

and the rcots of Yuwy= Up + iVy and ~Up -iVy

while the roct.; of /8] = Uy -iVp and Uy +iVnp

This means that eguations (33) and (34) become

B ym = E1[Ajexp(i2mmx/2) +Byexp(~i2mmx/2) Jexp [ (2mm/23) (<Uny-iVyy+ifat)]

(35)
B'ym = B-) [A_jexp(ilnmx/2)} +B_jexp(-i2mmx/1) Jexp[2mm/}) (~Uny+iVpy

-ifat)] (36)

We can now combine the particular solutions given by equations
(35) and (36) by letting

By =A_3 = 0
Ay =B =1
E] = E_3 = By

Adding the equations together gives:

B'ym = Bymexp{-2mUny/1) {expi{im2n) (£t+%/A-Vmy/A) i+
exp[{-im2n) (Et4+X/A-Vpy/2)]1}

35
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or

B'ym = Bymexp(-2nmUpv/1)Cos(m2n/A} (£1t+x-Vpy) (37)

ym ym
Before gcing any further, we rust express Uy and Vp in terms of
u, A, £, p' and m. Since Up and Vy are the real and imaginary
parts of Yu]l, it is necessary to find the sguare root of this
complex term.

s 2 1/2
oy = (4R

it

/Ricos(B/2+nk) +isin (8/2+xk) }
k=0and 1

Since we previnusly examined all the roots of Y] and /&1, we
only need to evaluate this case for k = 0 to determine Up and
Vn. :

Thus,
Yuy = /Ricos8/2+ising/2}
where
B = t:a.rs-1 g%#%i
/R = (1+5§i§%%i)1/“
Since
cosB/2 = V1/2(1+cosB)’
and
sing/2 = ¥1/2{1-cosB)’

The equation for Yuy can be written as

1o o A
Yol = (1+4fffikk)1/“ /3{/1+cos8 + ivI-cosp}
p

It can be noted from the illustration on page 35 that

= 4£242 7, 1 /2
cosg = (1+~;T§EZ_J i/
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Thus, 1.0
_ TG URT ]1/2 [ (aezzanatye 2|
= g [( + 1[ 1+o' - 1
and
Upy = g (1$4f2 2,\1.)1/2 +1 {1/2 (38)
e & | ()

We can now form a series of solutions which will satisfy the
boundary condition at y = 0 and yv = «, By letting

By =% B'yp

m=1l, 2, 3

we have the solution for the By component of the flux density
in the pole or

By = Z; Bymexp (~27mUpy/ 1) cos (m2n/1) (EAt+x-Vny) (40)
m=l, 2, 3

In this case, the valunes of Vp, and U, are given by Equatlon (38)
and (39) and B equals the coeffxclents for the cosine terms
in a series which give the *Y* component of flux density at

y = 0. We can also form a series of solutions for the By
component of flux density since

v.B = 0 = 8Bx + 3By
3% 3y
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A we have

%gﬁ-z -%gy-: E Bymexpg§ﬂpxp(-2wmumylx)[Umcosg%ﬂ(fxt + x-Vpy) -

m=1,2,3 Vmsing—;im(fkt + x-mej

and integrating this equation with respect to "x" gives:

A
m=1,2,3 v m2x

A
£y (y,t)

8.
By = E bemexP(“z“mUmY/“EJ'm sin 2T (£at + 2-Vpy) +
m

Cos (At + x-mea +

(41}

The question, "Are their functions such as £; (y, t) which are
a part of the complete solution for the B, component of the
filux density?", can not be answered since we have no boundary
values for this part of the problem. In general, the solution
givenr by Equation (41) for £; (y, t) = O apparently satisfirs -
the only know boundary conditions for this problem which are:
.

(1) Bx=0:Y‘*‘°
(2) By = periodic function of time

(3) v-B =20
a2By , 92Bx _ 4wy 3By
(4) Ix< 3y4 = p7 3t

In addition, we can perform two integrations which shows that
the flux entering the pole surface is conserved. The flux,
gy, entering the surface when ft = any integer is

A+1/4A At1/u 3
¢y= \ By’ dx-O or ¢y=J, Bym Cos m2mxdx = Byp
y= A 2nm

This flux must equal By when By = ) or

ﬂx_j;) BxlBy .o 9y :/;%exp(—2nmilmy/l)dy=$§%’!ﬂ

The lines of flux in the pole can be graphically illustrated
for the simple case when m = 1. To accomplish this task we
must first fcrm an equation for the slope of a flux line.
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Since,

dx _ By

dy - By

= Uy Sin 0 + Uy Cos 9 _
Cos O = Ujtan @ + V4
where
0 = 2L (£At + x-Vqy) = £0x,y,t)

ané since

a0 = 3f ax + 3f gy + 3f gt
X 3y 3t

we will let ft = any integer and 4T = 0. Then

de _ of a6 21 o .
g}_=d—z"§"x: dy *xVp =Uptan @+ 7y
y af 27
dx X
Thus
d

e 2'“U1tan9
y A

and after integrating

2“U1y=ln

Sin 9'+ constant
A

Since we can let Gp = 0 at the point where y = 0, the equa-
tion for y as a function of g becomes

2qU; v = 1n {Sin ©
A in 9,

The lines of flux for a typical simple case are illustrated in
Figure 20. The only parameter which one needs to define to

39
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make a plot line the one shown in Figure 20 is the ratio of

Vl/Ul since

- 21X - 21TU1y vV
0 = X ( 5 ) (U%)

We have now defined the rectangular compcenents of "B" in terms
of the independent variables of the system. The rext task is
to define the eddy-current which is produced by the flux.

Our solution for the current density shall be based upon the
following considerations:

{(1) sSince we have assumed a uniform flux in the "z*
direction which does not vary with time, we shail
also assume Jy = Jy = 0. Thus, Edquations {(16) and
(17) are of no importance and Equation {18) becomes:

32J 3 02d 4 _ bhay 3dg
3% * 3yZ - ot 3t

and Equations (21), (22), and (23) reduce to

_ 1 3By . 3z
p' 3t 3y
}_, SB:Z - R g
p st X

(2) since By (x, y, t) and By (x, y, t) have been derined
and since Jz must szatisfy the same partial differen-
tial equation as Bg and By, we can obtain J, from the
equations listed above. However, this work can be
avoided by using Equation (8). For this case we

have
yruJz = 3By - 3By
X 3}? (42)

The solution for J; is obtained by forming the right-hand side
of Equation (42)

2T 2. 27N
wrudy = 2 [wa-v2-1) 2R sin 2 (£3t + xvgy)

nsl,2,3

UV 1% Cos ZIm (£at + X-mei]exp(-ZﬁmUmy/x)
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Since U% -V;-l = 0 and UpnVp = ?‘?T » this equation reduces to

A 2mm
dg 5 g Bymexp(-?nmUmy/A)Cosmr1fAt + X-Vnmy)
m=i,2,3

(43)
£
Jde = B-r By (44)
The eddy-current loss per unit of pole-face is
o +
o 1 d+a
) p'J2dxdy
’0 Y3

(45)

We shall evaluate this integral for the case when £t = any
integer. Equation (43) becomes

AL
J, = E : Bym ;Texp(-Zmemy/A)cos@%lxcoszyﬁvmy +
m=1,2,3

£ . m? .
E Bym é-rexp(—anUmy/A ) SlnTﬂ&Slnzzgf\lmy
m=1,2,3

If we form the product of o' Jﬁ, the terms in the series would
be as follows:

A262 . r 25V ye  20mVmyp ¢ 210X ¢ 27mX
BmanyT_exp[ (mUp+nU,)27y/2JCos 22 Xan‘os L l’gYCos “l’ﬁ“os L — *

xzfz 3 . - .
BEYBHY'_;T-exP{“ (mUp+nU;)22y/2 3Sin m_‘;.mm 2ﬂm‘;mﬁ1n 2"‘;""-111 2"’:" +

- . B
ZBmany%-f,—EXPE- (mUp 1y 0273721 Co222¥aY sir2enVmy co Sin2emx
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where

n=1andm=1, 2, 3 «==k
n=2andm=1, 2, 3 -=-=k
an=3andm=1, 2, 3 ===k
n=kandm=1, 2, 3 ===k

We need the following definite integrals to evaluate the
integral in Equation (4%).

a+A 0 whenm £ n
Cos m 27 Cos n 2rx dx = ] whenm = n
A A 2
d
, d+a
0 whenmé#n
Sin m 27x Sin n 27nx dx = 1 when m = n
a x A 7
d+x
. Cos n 21x Sin m 27x dx = 0
A A )
d :
With these definite integrals, all integrals with sin m 20X 23x

—TCOS n )
vanish and all integrals for the cases when m is not equal

to n vanish. Hence, integration with respect to "x" gives:

1

A2f2 Z
P = 2—-—0-,-[ %ﬁn exp{-4xUpmy/1)dy
0 m=1,2,3

_ a3f2
- -—"r
" G, P

The tasks that remain are (1) to determine the distribution

of flux and the amplitude of flux oscillation on the surface
of the pole, (2) to determine the effective resistivity of

the material when the pole face has been grooved, (3) compare
the experimental results with results obtained from theoretical

s e g
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consideraticas, and {4) to determine the effective permeability

of the material.

B. Amplitude of Flux Oscillation on the Surface of the Poles

2 solution for the flux distribution on the surface of the
pole regquires & solution of the Laplacian differential equation

2 2
32F . a%F

et 552 7 0

y

An analytic solution of this equation can be obtained by con-

formal mapping the geometry of the slots and the opposing rotor
in the x-y-plane onto a complex plane.
ccmpley: potential solution in order to determine the value of

field vectors in the complex field.

One then constructs a

Field vectors are then

expresszed in terms of the dimensions of the x-y-plane. In
general, this approach is limited to idealized configurations
and can not be used when the slots are clcsed partially. A
nuemerical or graphical solution of the Lapiacian differential
equation is required when the configuration of the slots is

zomplex.

Since the magnetostatic field is analogue of a stationary
temperature field, one can use numerical methods developed for
heat transfer problems to determine the flux distribution on

the surface of the pole.

gquantities in the fields are:

Quantity
Potential Function

Basic differential
equation of the
potential function

Characteristic con-
stant of medium

Potential gradient

Associated field
vector

Flux of the asso-
ciated vector

Magnetostatic
Ficld

F, magnetostatic

potential
A%F = 0

u , absolute
permeability

H=-ATF, mag-
netizing force

B =uH , Magnetic
flux density

b = s Bpds, mag-
netic flux

44

In this case the correspondence of

Stationary Temp.
Field

T, temperatur>

AZT = 0

kK, thermal conduc~
tivity

U=-AT, temperature
gradient

Q/A = kU ., heat
power flow density

Q = f Q/A dAa, heat
power flow
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The problem which must be solved is te determine the
magnetic flux density distribution on the surface of the poie
as shown below.

Pole x
Surface Z Fy = £lx/)) = f__ vg
. Aavg

B{x/A)

(B~Bavg)/Bavg

The equivalent heat transfer problem is to determine the
heat power flow density into the surface of pole with the
surface of teeth at a temperature of T, and with the surface
of the pole at a temperature of Ty. e average heat power
flow density on the surface of the pole would be subtracted
from the value obtained at each point. This difference would
then be divided by the average heat power flow density to give:

Q/A-Q/Aavg _ B-Bavg _ .
——_Q%Wg_&' —mgg-- F{x/ )

A computer program is available to IBM 7030 users through
the share Library which will soive this problem by a numerical

45
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approach. The program is called TOSS and was written by David
Bagwell, Union Carbide Nuclear Company, Oak Ridge Gaseous
Diffusion Plant, Oak Ridge, Tennessee (AEC R & D Report No.
K~-1494). TOSS is a proven digital computer program for finding
the transient and/or steady~state temperature distributions of
a three-dimensional irregular body. To solve the problem the
body is divided into a number of cells. Each cell is associated
with an interior node. Surfaces of cells which lie on the
boundary of the body are associated with a surface node. Con-
ditions -external to the system which affect the temperatures of
the system are associated with boundary nodes. With this

nodal description of a system, a set of finite difference
equations is used to solve heat transfer problems that are
restrained by

22T - 3T
A I P2 B

9t

Internal heat generation may be a function of space and
time and boundary temperature may ke & function of time.

A nodal network which described the space between the
rotor teeth and the opposing pole face in test fixture was
defined for an air gap of 0.100 inches. The network consisted
of 302 interior nodes, 50 surface nodes, and 2 bouvadary ncdes. .
The f£irst boundary node represented the surface temperature of
the rotor terth and the second boundary node represented the
surface temperature of the pole. A steady-state solution of
the problem was obtained which gave the heat power f£low density
at 18 points along one-half of the tooth pitch. Figure 21 gives
the magnetic flux density distributiocn on the pole surface
that was obtained with TOSS.

=n general, the magnetic flux density distribution on the
pole surface is a periodic function of (x/1) which possesses ;
certain symmetric proyerties since

f(-x/3) = £(/))

1
[

0 Bavg

and

A series expansion of (Bavg~B)/Bavg is simple since it is
an even function of (x/A) and contains ro sine terms. The
coefficient for the cosine terms can be obtained by making
an harmonic analysis of the periodic function.
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A series expansion for the alternating flux density

becomes
= ( 27
By = Bavg / Ap cos m = X
m=1,2,3

where Ap equals the coefficients obtained from the harmonic

analysis. ILetting Bavg Ay = Bym, this equation becomes
By'= § : Bym cos m.%l.x
m=1,2,3

Up to this point we have ccnsidered "By" on the surface of the
pole to be only a function of "x", Since "By" varies with

time at any point on the surface of the pole, we must describe
the entire function in order to establish the boundary values

for the problem.

velocity = Af

ty = t; + dt

heragl— Y

£ty =

1
¥y
To do this we shall consider the wave shown in the illus~
tration above to be traveling to the left at a velocity equal
to Af. We shall also let “"x" = 0 at a point on the surface
of the pole where "By" has its maximum value and the product

of frequency and time is equal to any integer. Since By =
£f (x, t), we can write

. Of 3f
d%,- 3;»dx +3?;dT

and since dBy = 0 when -dx = MAJ4dT we can write
Af 9f = of
oxX x

If we let f(x,t) = X-T

48
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then

=+ im2aAf

£

<

Ti
S

and the solution becomes

I

m

-y
P
“J

g

By = z Bym cos

m=1,2,3
Equation (47) gives the boundsary vaiuess which were used to
obtain By {x, y, t) as described in Section IV=2.

Aﬂ {Ert+x)

The ccefficients for the cosine terms in an expansion oOf
the flux distribution shown in Figure 21 are

m Ay (coefficieat) Cosine Term
1 0.0588 cOs Z2ax{)
2 -0.06087 cos 4ax/A
. 3 G.0008 cos 6mx/3
4 C.00C4 cos Bux/)
‘ 5 0.0001 cos 10mx/3

]

The coefficients given in this table are for an air gap
of 0.100 inches or for the air gap that has been specified
for the experimental generator. It is interesting to aote
that for this particular cass, over 98% of the pole face loss
in the generator will be associated with the fundamental fre-
quency of the periodic function. The loss for sach harmeonic
frequency is proportional to

AR =

mUp ufiyZ =127+ 1. 011/4
[E ]

For values of 4f?u2i" 551, the 1loss is proportional to Am IVYm .

For the experimegtal generator and for a 0.10C inch air gap in
the test fixture, the breakdown of eddy-current 1o=zs3 is

m Am / 'm Proporticn of Total Loss
1 34.55 x 10-4 88.5%
2 53.5 x 10-6 1.5%
3 37.0 x 108 0
49
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C. Effective Resistivity of a Groovea Pole Face

It is possible to reduce the eddy-~current loss by grooving
the pole face (reference 4). The grooves must be placed along
the face of the pole in a direction parallel to the motion of
the rotor so they cross the path of the eddy-currents. Tiais
increases the length and thus the resistance of the eddy-current

path. The emf from end to end of the pole face is unaffected
by the groove.

The resistance of the path under the grooves is directly
proportional to the depth of the grooves which suggests that
the desper the grooves the greater will be the reduction in
loss. However, the eddy-currents can take an alternate path
and use thke radial face of each groove to form a closed loop,
The depth of the groove does not affect the resistance of the
path which is parallel to the grcoves.

Since I = I; + I,

where I,

current flowing under the grooves
I, = current flowing parallel to grooves

The total resistance offered bv a groove is'

The specific resistance of the path under the groove

R2 = {28 + wi

In previous work it has veen shown that the resistance of the
path parallel tc the groocves is

R} = 0.263 :'..9

R U




Thus

Rg + (24 + w)+2633p

2d + w + .263)

The resistance Rg is in series with the natural resistance of
the pole face material. Therefore,

o

where

> - O£

Ag

Leff
o

peff .4 4 (24 + w)-26b

- 1,82d + w).263)
TTRg2d Fw ¥ 263

1 (2d + w + .2b3%)
(48)

= depth of groove

width of groowve
number of grooves
leagth of pole face

= tooth pitch

groove pitch

= effective resistivity of pole face material

natural resistivity of material

For the pole face loss test fixture,

da
W
g
A

Peff
—

i

0.0790 inches,
0.067 inches,
0.0325 inches,

0.314 inches,; and
2.63
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SECTION V

CCMPARISON OF EXPERIMENTAL RESULTS WITH RESULTS
OBTAINED FROM THEORETICAL CCONSIDERATIONS

The eddy-current loss per unit area of the pole surface
(watts per cmé) versus the permeability of the material is
given in Figuze 22. These eddy~current losses were calculated
using Equations (38) and (46) £from Section IV-~B for conditions
which correspond to a ra<ial air gap of 0.100 inches and aver-
age flux density in the air gap of 56.5 kilolines per square
inch (8750 gauss). Fguation (48) was uged to calculate the
effective resistivity of the material in the grooved pole
faces. The eddy-current losses given by Figure 22 are those
losses associated with the fundamental frequency of the periodic
flux variation since it has been demonstrated in Section IV-B
that the losses associated with the harmonic freguencies are
not significant for this particular case.

Figure 22 also shows the pole face losses that were derived
from the experimental data obtained in the pole face loss test
fixture. A comparison of losses derived from the experimental
data and the losses based upon theoretical consideration indi-
cates that the effective permeability of the material is extreme-
ly low. 1In fact, the experimental loss at 8000 cps is greater
than the losses calculated for a material which has a2 perme-
ability of one. Since the effective permeability appears to
be low, we must determine the maximum induction in the pole to
determine if the material is saturated. The maximum fiux

density occurs on the surface of the pole or when y = C.
Therefore,

Bmax = [(Bavg + B,)2 * 542}

Bavg [1 + Ait}i + ZAl (Cos e + .5AlUlVlSin29)] -3

where

o =22 (£xtex)

Figure 23 give Bpay a8s a function of @ for a fundamental
frequency of 24,000 cps and for a value of U;.V and A; which
corresponds with the loss observed in the test fixture. The
maximum flux density for this case was only 6.2% greater than
the average flux density in the air gap. Figure 24 shows the
maximum and minumum flux density at the surface for u (effective)
= 10.5 on 2 normal magnetization curve for the H-11l material.
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B-Bavg aty=0
aveg

|

R 1 ¥

2r (radians)
~— @=2rx/)\

f = 24,000 cps
% =10,5

Ay = 0.0538 -
o' = 1. 21x10% Abohm-cm
A =079 cm

A i ! ! 1 L1 i ! i

0 40

80 120 160 200 240 280 320 360 400 440 480

DIMENSIONLESS DISTANCE ALONG FACE OF POLE (ELECTRICAL DEGREES)

- [
W, IR

Figure 23.

Maximum Flux Density in Pole Faces at 24,000 cps
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Figure 24. Maximum and Minimum Flux Density in Pole Face at
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24,000 cps Graphically Illustrated on a Normal
Magnetjzation Curve for H-11 Steel
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It can be noted that the maximum induction is well below the
point of saturation. Thus, the low value of u (effective) can
not e associated with points of saturaticn within the pole face.
The low value of u (effective) may also be due to the fact that
a significant portion cf the tooth ripple loss is produced by
hysteresis loss. Minor hysteresis loops are produced by the
varying fizld which are superposed upcn the normal magnetization
curve as shown in Figure 24. A different loop would exist for
2ach point in the pole. The loop would represent the variat.on
of B and H with time for a constant value of X and y. The
hysteresis loss in watts per cubic cm at a point is

= f x10-7 B(t)
X=c) 8 x o

y=c2

P dlH{+£)]
X'-:Cl

y=c2

and the total hysteresis loss per unit of surface area would be

P = £x10-7 [,[ B(t)
oo " 8257 [,

]

d{H(t)]] dy
X=q p e -
y=c y=0 to=

in general, the area within a hysteresis loop can only be
evaluated experimentally. However, some conclusions can be
cbtained if cne assumes the following:

Havg ~—>p
(a) the area within thz hysteresis loop at y = 0 and
X = 0 shall be assumed to be egqual to

f Bdh = 2A, Bavg Havg
c

which is probably several times greater than the
actual case.

-

(b) the area within the hysteresis loops at X = O shall
be assumed to decrease with y in accordance with the
relation

Area = (Area)yzoexp(-anly/A)

57
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This relationship is based upon the assumption that the
area within a hysteresis loop is proportional to the amplitude
of cyclically changing flux density. In the actual case the
area would also be proportional to the amplitude of the
cyclically changing field-strength. Thus,

Area = (Area)yzoexp(-4n01y/k)

is probably more correct than the relationship assumed for the
calculation presented in this report.

“Jith these assumptions hysteresis loss per unit of surface
area becomes

Py = AjBavg Havg A £x1077
Bn‘ﬁl (watt/cm?) (49)

Equation .49) gives an extravagant value for the hysteresis
loss. Thus, if the value of hysteresis loss obtained from this
equation is small compared with the calculated eddy-current loss,
the inclusion of hysteresis loss would not be essential. Figure
25 gives pole face losses with and without the inclusion of
hysteresis loss. In general, this comparison shows tha.
hysteresis loss probably is not a significant part of the total
tooth ripple loss for these operating conditiorns. The inclusion
of hysteresis loss means that the effective permeability for
eddy-current calculations wculd have to be increased slightly to
provide for a small decrease of eddy-current ioss that is
reqguired for the same combined losses. Figure 25 shows tae
eddy~-current loss is predominant over hysteresis loss at high
tooth ripple frequencies. Therefore, the inclusion of hystere-~
sis loss is not essential for the cperating conditions which
establish the maximum heat load for the rotor cooling system.

The only reasonable explanations for the low values of
effective permeability that were derived from the experimental
data are: (1) that H-11 steel had a low reversible perme-
ability, and {2} that “he irncremental permeabilities associated
with the minor hysteresis loops were also low. Figure 26
illustrates how mincr hysteresis loops under various corditions
in iron appear on a normal magnetization curve. The reversible
permeability, p,, , for value of Hy and By lying on a normal
magnetization curve can be Getermined by two ways (reference ).
The first procedure is illustrated on Figure 26b. In this case
the biasing field streangth is held constant and the incremental
permeability,us =AB/4H, is determined for an increasing AH.

The reversibie is then obtained by extrapolating muy to AH = O.
The second procedure is illustrated on Figure 26c. For this
case, a steady field is applied in one direction, and the
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alternating field is applied first in the opposite direction.
The incremental permeability, pp= 4B/8H, is determined for an
increasing AH and the reversible permeability is determined hy
extrapolating to AH = 0.

The reversible permeability of the pole face material is
an important parameter since it is the applicable value of per-
meavility to be used in the pole face loss equations when the
value of AH or Al approach zero. In the actual case 4H and 4B
approach zero at points under the surface. Therefore, the re-
versible permeability would be the exact value of permeability
to be used for eddy-current losses at these points. At a point
in the pole where AB has a finite value, the permeability ap-
proaches the incremental permeability of the minor hysteresis
loop which is produced at this point. The incremental perme-
ability represents the average change of B with respect to
changes of H along the hysteresis loop.

The applicable value for the permeability for calculating
pole face losses can be determined by a numerical integration.
Equation 46 gives the pole face loss as

P = (A2£7201) / E B2y exp (~4nlmy/A)dy
0 m=1,2,3

The integrands of this equation are equal to the square of the
y component of flux density for each harmonic frequency along
a path where {f& + x/A-Vyy/A) equals any integer. If we con~
sider each harpcaic frequency separately, the loss for each
frequency becomes

-]

Pm quZ/zp')f By dy
0

Since

By = Bym exp {~2nmUmy/})
dy = (3/27UmmBy)d By
we can express the ioss for each frequency as

B
Pn = (A3£3/8mmp*) ' aezy)
Um
0

In crder to simplify the numerical integration of this equation,
we shall assume that 4£242)x%/p'2m2>>1 and it can be noted from
Equation 3¢ that Uy becomes equal to A/fy/p’m. Thus,
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Pp o= (A2£3/2/8n/5™m) [CYR g(p2y) \
5 _Tu,_y_ (50}

The integrand, 1//%, in the equation shall be considered to be a
variable quantity and equal to Cy/Yu,. By is equal to the
amplitude of the y component of the flux density for a constant
value of "y". If we consider a constant value of "y", the flux
density has a sinusoidal variation with "x" or time which
produces minar hysteresis loops as illustrated by Figure 26C.
The AB associated with each lcop is egual to 2B,,. The biasing
induction, By, will be constant and equal to thg average flux
density in the pole. A different loop exists for each value of
"y?, Since up varies with the amplitude of the loop, a numerical
integration of Equation (50) is required as illustrated in
Figure 27. The parameter "Cg” is a correction for the fact

that the slope at a point on a mincr hysteresis loop is not
equal to ua. The previcus derivations were based upon the
assumption that u = y, and that the loss per unit volume was
proportional to B,’i#,. A large portion of a minor hysteresis
loop has a slope which is less than u; at points where By“ is
large. Therefore, a significant erroxr was introduced when

(aB/2)2({1i//up)cos?2zx/) was integrated with respect to "x". The
factor required to correct this error is

27
B J( {1/74) cos?2(2wx/2)d{2xx/1)

<7

B3 |
7t4 cos?(2ax/2)4(21x/1)
Y RA

Cx

¢

where u = thJ actual slope at a point on the hysteresis loop
and B, = AB/2. The evaluation of the integral requires a stand-
ardization of the hysteresis loops. The specific assumpticns
made regarding the shape cof the loop as shown on page 64 are:

(1) the siope of the hysteresis lcop is a linear function
of the field strength

{2) the slope of the hysteresis loop for decreasing in-
duction at B,/B, = 1 is equal to the reversible
permeability

{2) the slope of the hysteresis locp for increasing in-
duction at By/Ba = -1 is equal to the reversible
permeabkility

(3) Cos“l(BY/BA) = 2wx/)

(5} for By/By = 1 H/Hp =1 and for By/Bp = -1 H/Hy = -1
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Figure 27. Effective Permeability of lI-11 Steel Based Upon
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¥ = aytbiH = dBy/dR

f.
By = ajH+b1H®/2+c] ‘i !‘

>N
[}
\\>;\
&%
h
=
H

!
i T
BY 5
/ AR
/) = 1/8 —ey / i i B
~Hy d \ Ha AB B,
. Iy B =g
x % AR = H, A
d8 _ X dBy _
a = 'r / a !
8 *
\\ /// J[ ‘BA
A " —
A2
u = az+boH = dBy/dH
By = a2H+b2H2/2+c2
with these assumptions
a; = a, = yp
1 2
bl = - 2 = (pr'uAI/ A
and for the upper portion of the loop,
0 < x/x <1/2 { T G el (5.1)
(52)
For the bottom portion of the loop the equations become
1/2 < x/x < 1§ w/uy =1 = {up=up)H/u,H, (53)
By/By = = (lup-up)/2u,) (B/H3)2 + B/H, + (up=uy)/2u,
{54)
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Since the cerrcction factor for the upper portion of the locp
will be equal to the correcticn factor for the lower portion,
we oniy need to determine the factor for one-half of the loop.
The task that remains is to form the integrals required to
evaluate the correction factor. The correction factoxr can be
expressed as

CH =

=TT

ki
/ "uA/u(By/BA)zd(ZHX/)‘)
0

Since B, and ., are not a function of "x" and
By/BA = cos 2uxX/A

By letting w

Cy = 2/x [ f(By/BA)d(By/BA) = 2/17[ /uA7u(By/BA)2d(2nx/).)
1 o

we can form the iptegral on the left.
because

cos’l(By/BA) = 21 %/)\
-d{B.,/B,}

T=Togeare — 42/

and from equations 51 and 52 it can be shown that

fiale = % 1 +(vr-ug)2 + 2(u;“uﬁ)§l l ijs
uA ra Bz g

Therefore, the integral for the correction becomes

- (By/B,) % (8,/B,)
Cg = 2/"|  T=(By/Br 2 {1+ (ur*vts)2+2(ur-ua) By it

- ua uwa / Ba

if we let BY/Bé = Cosb and {uz-up)/u, =¢,

.
Cy = fo[ cos?9ds
+ 2 o 1ik
. {1+e4-2ecos8} £55)
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Figure 28. Correction Factor Versus l-u,/u,
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The correction factor for various values of € was cdetermined
by Gaussian quadrature integration of Equation (55) as shown
by Figure 28. The applicable value of permeability for pole
face loss calculations can now be determined with the correc-
tions given by Figure 28 and with the numerical integration
shown on Figure 27. The material properties required for this
integration are:

. {1) the reversible permeability of the material at a
steady induction equal to the average flux density
in the poles and,

(2) the incremental permeabilities of the minor hysteresis
loops which occur in the poles.

3 Since these quantities are intrinsic and measurable properties
i of the material the effective permeability is a predictable
quantity once tne flux distribution on the surface of the pole

is known. Unfortunately, the reversible and incremental per-
meabilities of H-]11 steel have not been measured and it is there-
fore necessary to derive a value for the effective permeability
of H~11l steel from theoretical considerations. When the ampli-
tude of the alternating field, H,, is increased the incremental
permeability is also generally increased. For small amplitudes

. this increase is linear and by analogy with Rayleigh's law,
we can assume that :

- A = ur + VpHp
and
When the magnetizaticn is sufficiently low Rayleigh's law may
be used for the initial portion of the normal magnetization

- curve or

! ¥ =u, +VH

and

i B

]

For H-11 steel the initial portion of the normal magnetization
curve gives

Teh iy o
Al

20
6

HO
v

sl g & A
.
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Ebinger, reference 5, has measured V) for a variety .i materials
and plotted V4/V vs. (B-H)/Bg. He found that the points lie
reasonably close to a single curve. For a biasing induction of
8.75 kilogausses on H-11l steel the ratio of V,/V from Ebinger®s
curve is approximately 0.175 which means that value cf V, for
H-11 steel at this induction is approximately one. Brown,
reference 5, has shown for material with no direction of easy
magnetization and with anisotropic domains that the ratio of
ur/n0 equals approximately 0.15 for a proportionate induction,
(B-H) /Bg, of 42% which means that ur for H-1ll steel at an in-
duction of 8.75 kilogausses would be approximately equal to
three.

Thus, the equation for the incremental permeability becomes

UA 3 +1.05 Ha

and
By = 3H, + 1.05H2

#We can now express pap, ur/up, Ba, and other parameters of
interest in terms of Hp as shown below.

H By By wy/upy CH CH/JFZ Bi
oersteds gausses ‘ (gausses) 2
4] 3.0 1] 1.0 1.0 0.577 0
2 5,1 10.2 0.588 1.038 0.460 0.000104 x 106
4 7.2 28.8 0.416 1.081 0.402 0.000830 x 10
6 9.3 55.8 0,322 1.115 0.368 0.00311 x 106
8 11.4 91.2 0.263 1.140 0.331 0.00781 x 106
10 13.5 135.0 0.222 1.160 0.316 0.0182 x 1¢6
12 15.6 187.0 9,192z 1.180 0.299 0.035 x 106
14 17.7 248.0 0.1694 1.195 0.283 0.0615 x 109
16 19.8 317.0 9.1513 1.206 0.271 0.1003 x 106
18 21.9 394.0 0.137 1.216 0.260 0.1552 b4 105
20 24.0 480.0 0.125 1.226 0.250 0,230 X 106
22 26,1 574.0 0.115 1.234 0.242 0.229 x 106
Since

2
Bym
/}‘- £ . =1/B2[ S?.d(Bg)
p effective ym /;X
0

the applicable value of permeability can be determined by
numerical integration of the integral as shown in Pigure 27.
This integration gives

’
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1//y effective = 0.274

for Bym = 515 gausses. Thus,

p effective = 14.3

Although the above analysis may rnot be strictly accurate
from, a numerical standpoint due to the admission ~f approxima-

tione, it shows that the effective permeability of H-11l steel
is low.

It also shows that the low permeability wvalue required to
obtain agreement between experimental and analytical results is
reasonable.

The eddy-current losses given by Figures 22 and 25 are
based upon conditions pertinent to the experimental genarator
except for resistivity of the material. The losses given by
Pigures 22 and 25 were calculate® using resistivity which corre-
sponds to room temperature conditiorns. Pigure 29 gives the
eddy-current loss with a correction for a change in resistivity

based upon the estimated operating temperature of the pole face
in the generator.
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SECTION VI

POLE FACE LOSSES CAUSED BY ARMATURE REACTION

The eddy-currents produced by the stray rotating fields
of the armature reaction were calculated by using the equations
from Reference 2. These equations were published in 1955 by
G. Barello and his derivations shall be taken for granted. His
results give:

'] [;. ] [fen 2 3/2 372
W = z : .65 {iao 00, {ntl) £4

Y sinhsné + Tym cosh mné |2 +| Tym coshms j2
Tl TS| Tl

where:
W = Loss in watts per sgquare meter of pole surface
N = Number of conductors in series per pole per phase

Current per phase in amperes

ol
i

f;= Nominal frequency of currents in windings, the base
frezuency of the machine in cps

n = The order of the harmonic ..eing considered
fen = Kp K3 for the nth harmonic being considered
pp = The relative permeability of the rotor material
p = Resistivity in ohm-meters
T, = Pole pitch of the machine in meters

6§ = Air gap in meters

m = Yaulntllfy/p in neters

¥ T Hgup
o= 1.256 x 166
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Barello found that a value of pp = 2000 was a suitable
value for the relative permeability of the rotor material, 1In
general, this value gave good agreement between calculated
losses and the losses measured on tests with similar machines.

The calculated eddy-current losses produced by the stray
rotating fields of the armature reacticn for the experimental
generator are presented in Tabkle I. For this case the losses
are 20.9 kilowatt per square meter. Since the total area
of the pcle faces in the generator is 0.05C square meters,
the losses due to the stray rotating field of the armature
reaction will be 1050 watts.

Unfortunately, the original calculated value for the
losses due to armature reaction was 210 watts and the rotor
cooling system was designed for a combined value of pole face
losses egual to approximately 2000 wats. Thus, with 1050
watts of loss due to armature reaction and 1793 watts ioss
due to tuffs of flux from the stator teeth, over-heating of
the rotor will occur if the generator is operated at design
conditions. This conclusion is supported by the fact that
the calculated loss due to armsture reaction was based upon
a relative permeability, np, of 2000 for the rotor material, .
This value had an empirical derivation based upon test data
from average machines and it is reasonable to assume the
applicable value was influenced by the actual permeabiiity -
of the rotor material. Since the material in the rctor of
the experimental generator has an unusually low permeability,
it is problematical that the losses due to armature reaction
will even be higher than the calculated value of 1050 watts
based upon Barello's equation. In any case, the loss due
to armature reaction constitute a large portion of the total
estimated pole face losses.

72 Te




P e I

—— s e

TABLE I. Pole Face Losses Caused by Stray Rotating Fields of
Armature Reaction Losses by Bareilo Method
o’
s 4
n n+l (1’111)3'2 nl a;l b a sinh a | cosh «
2 3 5.2 4 0.866 | 0.0297 {0.282 | 0.284 |1.04
4 3 5.2 16 0.433| 0.0148 {0.564 | 0.59 1.16
5 6 14.7 25 0.43 | 0.0168 10,705 | 0.76 1.26 3
7 6 13.7 49 0.35 | 0.0120 {0.988 | 1.16 1.26
8 9 27.1 64 0.375| 6.0129 |1.13 1.39 1.53
10 9 272.1 100 0.300} 0.0103 {1.41 1.93 2.17 ‘
11 12 41.6 121 0.315} 0.0108 | 1.55 2.25 2.46
13 12 41.6 169 0.266] 0.0091 {1.83 3.04 3.20
14 15 58.0 196 0.276] 6.,0094 {1.97 3.52 3.66
15 15 58,0 256 0.242| 0.0083 [2.26 4.74 4.84
17 18 96.4 289 0.249| 0.0085 {2.40 5.62 5.78
19 18 76.4 361 0,224] 0,0077 {2.68 7,26 7.33
n Y X x2 y2 x2+v¥2 1 ¢ {fen)<| Hatts
eter
2 0.0309 | 0.315 0.0991{ 0.0009¢ 0.100118.170 | 0.00784| 11,660
4 0.0172 | G.607 0.368 0.000294 0.3683| 0.555 | 0.00885 832
5 0.0212 | 0,782 0.611 0.0045 | 0.6114] 0.602 | 0,0300 3,280
7 0.0184 | 1.178 1.39 1.39 |0.136 | 0.0167 419
8 0.0220 | 1.408 1.98 1.98 |C.134 {0.0167 401
10 0.0223 | 1.948 3,8 3,80 §0.045 | 0,0300 226
11 0.0266 | 2.277 5.19 5.19 |0.042 | 90,0088 73
13 0.0291 | 3.066 9.4 9.4 0.016 | 0.0078 236
14 0.0344 1 3.5 12,6 12,6 0,015 | 0,829 2,240
16 0.0402 | 4.779 | 14.3 14.3 G.010 | 0.829 1,510
17 0.c492 | 5.742 | 33.0 33.0 0.0885
19 0.0563 | 7.314 | 53.6 53.6 0.0946
TOTAL 20,900
Tym /ndl
b= upen = 0.0343 ~—= I = 1298 Amperes
a = 1nl§ - .1%1n fl = 3200 cps
€ = 5.65(NI)?(n$1)3/210-8 T; = 0.0565 meters
7oUT (xZ+52)n2
Y = b cosh a & = 0.00254 meters
X = sinha + ¥ uyp = 2000,
N = 0.625 p = 67 x 104 ohm-meters
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SECTION VIX

SUMMARY AND CONCLU3ICNS

The pole face losses caused by the alternating flux
density that is produced by the slots and teeth of the arma-
ture for the 467 kva experimental generator were experimentally
evaluated by using an eddy-current dyanamometer. Design factors
which influence pole face leossss in the generatcr were duplicated
in the test fixture as close as possible. Centrifugal stress
limited the rotor speed in the test fixture to one-half the
cpeed of the generator. It was, therefcore, necessary to extra-
polate the data from a tooth ripple freguency of 24,000 cps to
48,000 cps to determine the face losses in the generator. No
attempt was made to contrcl the temperature of the pole faces.
Thus, the test results had to be corrected for a change of
resistivity since the pole faces will operate at a much higher
temperature in the generator. The pole face losses due toc tooth
fiux ripple for the generator as derived from the experimental
data are 1783 + 530 watts for pole face temperature of 950°F.

An analysis of the losses associated with tooth flux ripple
based upon theoretical considerations was made. A procedure
for dealing quantitatively with the magnetic flux density
distribution at the surface of the pole face was outlined. A
knowladge of the distribution of flux demsity on the surface
is essential, because it is the non-uniformity of this flux
which causes all tooth-ripple losses. Harmonic frequencies and
losses due to each harmonic frequency were considered. This
analysis showed that 98.5% of the tooth-ripple icsses in the
experimental generator are assaciated with the fundamental
frequency of the cyclically changing inductior in the pole
faces. The ampiitude of the cyclically changing flux demnsity
for the fundamental frequency was found to be 5.838% of the
average flux density in the radial gap. Solid and grooved pcle
faces were considered in the analysis. The losses in grooved
pole faces were calculated by using an effective resistivity for
the pole face material which was based upon the increase in the
resistance of the eddy-current path caused by the grooves.
The resistivity of the pole face material was effectively
increased by 2.63-fclds. Thus, grooving the pole faces re-
duced the pole face losses by approximately 38.5%. Hysteresis
losses in the pole faces could not be separated from the otlser
losses since no theoretical relationship exists between the
amplitude of flux density oscillation and the area within a
hysteresis loop. In order to determine if hysteresis losses
were of importance a relationship between the area of a hysters-
sis loop and the amplitude of flux density oscillation was
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assumed which would give an extravagant value for the hysteresis
loss. Even for these conditions it was found that Hysteresis
loss was of minor importance and that eddy-current loss was
predominant over hysteresis loss.

The theoretical equations for the calculations of the
eddy-current losses contain a parameter which is equal to the
permeability of the pole face material. The derivations of
these equations were based upon the assumption that the perme-
ability of the material is a constant. 1Inr the actual case the
permeability of the material is a variable and an applicable
value of this parameter must be used to obtain a reasonabie
estimation of the eddy-current losses from theoretical consider-
ation. The experimental results present in this report demon-
strate that the applicable value of permeability is associated
with the incremental permeability of the minor hysteresis loops
that are produced in the pole face material. 1In general, the
incremental permeability of a mincr hysteresis loop in a parti-
cular material can vary widely since the slope of a loop usually
increases when the amplitude of the oscillating induction increas-
es. A procedure for dealing with a varying incremental perme-
ability was outlined. The applicable value can be obtained by
a numerical integration which also considers the varying perme-
ability aroundé each minor hysteresis loop.

The eddy-current loss produced by the stray rotating fields
of the armature reaction were calculated using Barello's equa-
ticns. It was concluded from these calculations that the rotat-
ing fields of armature reaction will produce a loss of 1050 watts.
Unfortunately, the rotor cooling system was designed for only
210 watts of loss due to armature reacticn. This dilemma results
from inadvertant error in the original calculations. It is
therefore generally concluded that overheating of rotor would
occur if the generator was operated at full load with a 575°F
coolant inlet temperature. This particular dilemma was not
resolved by redesigning the cocling system since the redirected
test plans for the generator allows a lov temperature coolant
to be nsed. Nevartheless,; it is a logir:al conclusion that
the eddy-current loss produced by the rotating fields of the
armature reaction will constitute a laige port’n of the rotor
face losses in this type of generator.

The design of an electromagnetic generator with a high-speed,
high«temperature solid rotor must cope with the problem of re-
ducing the pole face losses if temperature is to ke attained
which do not impose serious design limitations upon rotor
materials. There are certain parameters which can be varied
to reduce the rotor pole face losses. Some of the parameters
which have a significant influence upon the pole face losses
are the radial gap, the ratio of the width of the slot opening
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and tooth pitch, tooth pitch, pole pitch, and the direct axis
synchronous reactance of the machine. In general, these para-
meters can be varied to reduce the amplitude of flux density
variations on the surface 0f the pole faces. Howsver, sericus
performance and weight penalties can be incurred in the overall
design when these parameters are optimized only from the stand-~
point to pole face losses. The designer is therefore obliged
to look for other methods for reduciag pole face losses. The
most promising solutions of the dilemma would be to combine a
material which offers excellent pruperties for the reducticn of
eddy~current losses in thie pole faces with a materisl that offers
excellent creep strength and d-c magnetic properties for a
s0lid rotor. Pole face losses are r2duced by selection of a
material for the pole tips which has a high resistivity and a
high reversible permeability. Untortunately, materials which
have the best combination of d-c magpetic and strength pro-
perties for a high spted and high temperature rotor have
inferior properties from the standpoint of pole face losses.
For example, the pole face ilosses “n Westinghouse NIVCO alloys
will be approzimately 2 to 3-folds greater than the pole face
losses in H-11 steel., The losses in H-11l steel are approximately
4-folds greater then the losses in soft iron. The increase in
heating in the pole faces may more than offset the advantage
offered by the additional high-temperature creep strength of

a particular material.

Generally a matexrial which has a high normal permeability
at a particular value of induction also has high incremental
and raeversible permeabilities at this level of induction. The
normal permeability of the cobalt-iron alloys at inductions up
to 10 kilogausses are relatively high. Thus, these materials
and probabiy others are candidates for pole face materials. It
should be noted that s material of much lower creep sitrxength
can be used on the pole tips since the stress is much lower on
the outer radiue of the rotor than at the root of the pole
bodies or in the rctor core. In addition the creep strain may
be allowed to approach 1 to i-i/2% sincs the length of this
material will be small. A creep sirain over 1/2% for other
parts of the rotor may be conzidered sxcessive since this
amount cf strain would cause a large change of the radial gap
in the generator.

A large increase in resistance tc the fiow of eddy-current
can be obtained with laminated pcle tips. Consequently, arrange-
ment for attaching the pole tips shouid permit 2 laminated con-
struction to be used. Eddy-current losses can be decreased by
approximately 2-folus by using laminations in place of grooved
pole faces.
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The overall decrease of eddy-current losses with a laminated
material which has been chosen for its high a-c magnetic perme-
ability can approach 16~folds when compared with the losses
associated with H-1l steel or other materials that have been
selected for their creep strength cr other criteria except their
a-c magnetic permeability. The reduction of pole face losses
which iz offered by a material which has been selected for its
high magnetic permeavility may eliminate a critical need for a
high temperature material and the need for special and com-
plicated cooling passages in the rotor.

RECOMMENDATIONS

1. The only ways by which tooth ripple losses can be
reduced with the present design concepts are by (a)
increasing the radial gap, (b) minimizing the amplitude

of the flux density variation oan the suxface of the pole
fazce by maintaining the optimum ratio of slot width and
slot pitch, and (c) increasing the length or the effective
resistance of the eddy-current path by incorporating
grooves in pole faces in a direction parallel to the
motion of the rotor. The main disadvantages incurred

by using these methods for reducing the pole face losses
are (a) additional excitation is required, (b) 1leakage
reactance in the armature is increased, and (c) slotting
tiie pole faces is a very expensive operation and only
increases the effective resistance of the material by

a factor of approximately 2.6. It is therefore recom-
mended that other techniques for the reduction of pole

face losses be investigated. The most promising sclution
of the dilemma wouid be to combine a material which offers
excellent magnetic properties for the reduction of eddy-
current losses with a material that offers excellent creep
strength and d-c magnetic properties for a solid rotor.

In this case the pole tips would be made of a laminated
material o: excellent a-c magnetic properties and attached
to the pole bodies. The use of a material that is selected
for its high a-t magnetic permeability about the operating
flux density can reduce pole face eddy-current losses by as
much as 7-fold. This method also permits a laminated
construction with interlaminar insulation which provides

a large increase in the erfective electrical resistance

to eddy-currents. It is estimated that the laminated
construction can cause a 5 to 6-fold increase of the
resistance when compared with the resistance of grooved
pole faces. Thus, the eddy-current iosses can be decreased
by apprcximately 2-folds by using a laminated construction
in place of grooved pole faces. The overall decrease of
eddy-current losses with a laminated material which has
been chosen for its hign a-c magnetic permeability can
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approach 16-folds when compared with losses associated with
material that has been selected for its creep strength or
other criteria except its a-c magnetic permeability. The
greatly decreased eddy-current losses will permit much
cooler operation of the rotor which will enhance the
strength cf the rotor. The reduction in heating may also

allow the rotor coclant temperature to be increased and even

elininate the need for special and complicated cooling
passages in the rotor.

2. An estimate of the eddy-current losses in pole faces
from theoretical considerations requires a knowledge of
the incremental and reversible permeabilities of the
material in the pcle. Therefore, experiments should be
performed to determine these properties for the materials
which are candidates for a solid rotor and for pole tips.
Since H-11 steel will be used in the experimental, 467 kva
generator, it is relatively important that the incremental
permeabilities of this material be evaluated so that a
comparison of theoretical data and experimental data can
be made. This comparison can be used to confirm the
general validity of the theoretical equations.

The incremental permeabilities of materials would be evalu-
ated by applying a steady induction on a specimen and by apply-
ing an alternating induction first in the opposite direction.
The incremental permeability would be determined from the minor
hysteresis loops produced by the alternating induction. The
alternating induction would be varied from zeroc to 15% of the
steady induction. The reversible permeability would be deter-
mined by extrapolating AB = (0. The permeabilities would be
evaluated along the normal magnetization curve and with descend-
ing and ascending value of the steady induction.

Generally a material which has a high normal permeability
at a particular value of induction also has high incremental
permzabilities at this level of induction. The normal perme-
ability of the cobalt-iron alloys at inductions up %o 10 kilo-
gausses are relatively high. Thus, these materials are poten-
tially useful for the reduction of pole face losses since their
incremental perm~abilities are most likely high. It is recom-
mended that incremental permeabilities of these materials be

evaluated to determine their capabilities as materials for the
reduction of pole face losses.

The material which offers the best combination of a-c mag-
netic and strength properties for use as pole tips should then
be tested in the experimental generatocr for comparison with a
material that has been selected for the best combination of

creep strength and d-c magnetic properties for tne highly stress-
ed main rotor body.
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